Abstract | 3D printing is becoming increasingly prevalent in modern chemistry laboratories. This technology provides chemists with the ability to design, prototype and print functional devices that integrate catalytic and/or analytical functionalities and even to print common laboratory hardware and teaching aids. Although access to 3D printers has increased considerably , some design principles and material considerations need to be weighed before employing such technology in chemistry laboratories. In addition, a certain level of expertise needs to be acquired in order to use computer-aided design, printing software and the specialist hardware associated with higher-end instrumentation. Nonetheless, the recent progress in this field is encouraging, with these printing technologies offering many advantages over traditional production methods. This Review highlights some of the notable advances in this growing area over the past decade.
1
. The ability to print chemical reactors paves the way for new design opportunities, such as the possibility to explore non-traditional geometries, embed sensor technologies, quickly iterate design variations for the optimization of reaction parameters and prepare relatively simple device components for teaching purposes. However, these advantages need to be tempered against chemistry constraints such as solvent compatibility with the various materials that can be printed. In addition, print resolution, speed, cost and materials determine the selection of the appropriate printing process for the desired chemistry application and need to be considered to achieve a successful design. Nonetheless, additive manufacturing does open up new ways to approach chemistry, and with the cost of printers decreasing and the number of available materials increasing, it is set to become even more useful.
Additive manufacturing comprises a subset of processes that convert a computer-aided design (CAD), through a digital standard tessellation language (STL) file, into a physical product. These processes can be divided into seven subsections: binder jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion, sheet lamination and vat photopolymerization 2 . While each process is unique in the method and material of manufacture, all are based on the sequential layer-by-layer deposition of print material. An overview of the print processes is summarized below (Box 1), with a summary of the common processes presented in TaBle 1 , as well as in several recent reviews [3] [4] [5] [6] . This Review aims to outline the diverse scope of research undertaken with respect to the application of 3D printing in the field of chemistry and to highlight future research directions and the challenges that need to be overcome. Specifically, this Review emphasizes the application of 3D printing for the fabrication of common laboratory hardware, bespoke analytic instrumentation and teaching aids to illustrate complex scientific concepts. The manufacture of custom microfluidic and millifluidic devices featuring integrated fittings, valves, pumps and embedded analytical functionalities is also highlighted. The development of catalytically active surfaces that promote chemical conversions and accelerate reaction progress is discussed. The construction of biological perfusion devices or bioreactors, which optimize chemical conversions based on biological responses, is also considered. Finally, this Review covers the fabrication of point-of-care and personalized medication designed to meet the specific demands of the patient.
Laboratory equipment
Cost reductions of 3D printing equipment have increased the affordability and accessibility of these technologies within research and teaching laboratories. This has driven an increase in the use of 3D printing for repairing, customizing or developing bespoke laboratory equipment 
Standard tessellation language
(STl). a file format supported by numerous 3D printing software packages that describes the surface geometry of a computer-aided design file through an unstructured triangulated surface.
Perfusion devices or bioreactors
Devices used in cell culture and tissue engineering to aid in the development and maturation of in vitro cultures.
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Andrew J. Capel 1 at a fraction of the cost of commercial alternatives. Many of these designs are being made open source within online repositories such as Thingiverse and the National Institutes of Health (NIH) 3D Print Exchange and, indeed, for printers themselves via the replicating rapid prototyper (RepRap) project or as part of peer-reviewed academic journals 7, 8 . This cross-fertilization of intellectual property has allowed designs to be shared throughout the community and iteratively developed to identify and correct design flaws. Consequently, a multitude of designs and other printing resources for the fabrication of general laboratory and analytical hardware is now freely available to download and print for use in chemical and biochemical laboratories.
Common laboratory hardware. Common laboratory equipment needs regular maintenance owing to usage and breakages and/or some level of customization to meet the experimental requirements. A diverse range of general laboratory hardware has been produced and/or adapted through 3D printing. This strategy has been exemplified by Pearce, who has extensively used FDM (Box 1) to manufacture a range of common laboratory items, including a sample rotator, a mixer and shaker 9 , a nutating mixer 10 and a syringe pump 11 ( Fig. 1) . Other examples of printed pumping systems include miniature peristaltic pumps that feature a 3D printed housing 12 . Further developments in this area have produced the first 3D printed microfluidic pump that does not require electric power 13 . The device is powered by the pressure applied with a finger and uses two fluidic diodes that act as one-way valves that restrict fluid flow from left to right and can produce a flow of 157 µL min −1 (reF.
13
).
Solvent compatibility and permeability data for a multitude of common printing materials, including polypropylene (PP), polylactic acid (PLA), acrylonitrile butadiene styrene (ABS) and polyethylene terephthalate glycol (PETG), have also been screened for the development of custom laboratory hardware, including beakers, Erlenmeyer and round bottom flasks, test tubes, custom tube racks and funnels. The performance and chemical resistance of some of these 3D printed tools have been tested for water-alcohol-mediated reactions, such as a palladium-catalysed cross-coupling and nickel-catalysed hydrothiolation conversion 14 . Custom multiwell culture plates have also been manufactured by laser sintering (LS) from polyamide-12 (Box 1), allowing sterilization and reuse 15 . Finally, sample preparation and extraction, two of the most widely used laboratory techniques, have also been tested. Small-molecule extraction has been performed using a rubber composite to fabricate custom sorbents, which can be inserted in standard Eppendorf tubes. These porous FDM sorbents were successfully used to extract glimepiride from water 16 .
Analytical equipment. Development of specialized analytical instrumentation requires the design of complex custom parts. Use of 3D printing to prototype and manufacture bespoke devices is therefore desirable to reduce associated production times and costs. Paull has Replicating rapid prototyper (reprap) . an initiative to develop affordable 3D printers capable of fabricating most of their own components.
Box 1 | 3D printing techniques
Additive manufacturing, or 3D printing, is a family of techniques (TaBle 1) that enable the fabrication of a solid object from a computer-aided design (CAD). Initially, a CAD file that contains a sketch of the device or structure is prepared in order to attain a virtual 3D representation of the object. The next step is the conversion of this initial virtual model into a file type that can be physically rendered. Standard tessellation language (STl) files are the most commonly used. These are industry-standard files that can be read by different 3D printers. The STl file is then interpreted by the computer that controls the printer, and the virtual object is broken down into a series of horizontal layers. The computer then directs the printer to print one layer at time, with each layer building on the previous one. When the layers are stacked in the vertical (z axis) direction, each layer corresponds to the print resolution in the z direction. As the process proceeds, each layer must bond to the previous one to achieve a coherent build. Indeed, overhangs and voids need some consideration because the lack of support of the underpinning layers may cause certain pieces to fall owing to gravity. However, in these cases, the printing software dictates the building of supporting structures. These are additional build points that underpin these areas but that can be removed after the object is completely printed.
Different approaches require different considerations with respect to chemistry and 3D printing. Material deposition, including fused deposition modelling (perhaps the most commonly and inexpensive available technique), has constraints in terms of material choice (usually thermoplastic polymers) and print resolution. vat polymerization techniques, such as stereolithography, can lead to higher resolution and are becoming more common, but material constraints (typically limited to acrylate-based polymers) also need consideration in this case. Finally, powder bed techniques, in which a laser melts or sinters a powder (metals or polymers), provide good resolution and material compatibility, but the removal of residual powder can cause problems.
The CAD model of the desired part is generated
The CAD model is converted into an STL file. The STL file is transferred to the computer controlling the printer
The printer settings are defined before the final part is fabricated notably demonstrated this principle through the manufacture of temperature-stable and pressure-stable highperformance liquid chromatography (HPLC) columns using selective laser melting from Ti-6Al-4V titanium alloy 17 . The column designs featured 2D and 3D serpentines, as well as 3D helical channel geometries. The channels were internally functionalized post-print with a poly(butyl methacrylate-co-ethyleneglycoldimethacrylate) stationary phase. The functionality of the produced HPLC columns was demonstrated for the separation of proteins from complex mixtures 17 . The same group also used FDM to print a single-piece photometric detector body with a slit, which allowed quantitative photometric detection when integrated with a commercial light-emitting diode (LED) and a photodiode on either side of the capillary tube 18 . Inkjet printing has been adopted for the production of a chemiluminescence detector used for the detection of hydrogen peroxide in urinary and coffee extracts 19 . The same approach has been followed for the manufacture of polymer thin-layer chromatography (TLC) platforms, which were tested for the planar separation of both visible dyes and fluorescently tagged proteins 20 . Planar chromatography for separation of a commercially available dye mixture required the customization of an extrusion printer with a silica slurry doser used to manufacture TLC plates 21 . FDM has also been used to print NMR-transparent polyamide hollow tube spinners for NMR spectroscopy. The entire manufacture was performed in an atmospherecontrolled glove box. The process was paused at the appropriate point to allow the reactants for a coupling reaction to be encapsulated within the part. Inside this gas-tight and pressure-resistant reaction vessel, a series of arylnapthylalkynes were synthesized, with the reaction progress being monitored via NMR spectroscopy 22 .
Other demonstrations of printed analytical hardware have included devices for UV-visible (UV-vis) spectro scopy 23 , LED array detection 24 , flow cytometry 25 , magnetic resonance imaging 26 , scanning electron microscopy 27 , polymerase chain reaction 28 , low-temperature plasma ionization mass spectrometry 29 , electrophoresis 30 and direct spray ionization mass spectrometry 31 .
Teaching aids
One of the most straightforward applications of 3D printing is the production of teaching aids. These can range from laboratory items used in undergraduate teaching to classroom items that help to illustrate more or less complex concepts. With increasing access to open-source libraries of printable educational material and affordable printing technology and given the economic constraints governing all teaching environments, these technologies have the potential to substantially reduce teaching costs while stimulating the development of innovative new teaching methodologies.
The manufacture of 3D model kits that help conceptualize complex scientific phenomena in a more educationally stimulating format is garnering considerable interest. These model kits have been extensively used to visualize molecular structures, orbitals and symmetry [32] [33] [34] [35] [36] [37] [38] [39] (Fig. 2) . The cost of these model sets can often be prohibitive, whereas printing individual items can be afforded at a fraction of the price if access to a desktop printer is provided. Extension of this concept to other types of teaching aids has seen the fabrication of 3D diagrams to represent spectroscopic data in a more engaging format 40 and energy profiles to visualize . Teaching aids have also been used to introduce students to the basics of continuousflow synthesis through simplistic mixing devices that illustrate the principles of flow chemistry and mixing 42 . Workshops instructing the building and use of RepRap 3D printers for classroom settings have also been undertaken 43 . Teachers were able to assemble and use 3D printing instrumentation, describing a transformative and empowering effect of this technology to the students.
Chemical fluidics
The use of 3D printing to manufacture fluidic devices for the preparation, synthesis and analysis of small volumes of chemical reagents is becoming increasingly prevalent within research laboratories 44 . These devices, generically referred to as chemical reactors (or more specifically, microfluidics or millifluidics, lab-on-a-chip (LOC) or miniaturized total analysis systems (µTAS)) are more traditionally manufactured through processes such as chemical etching, injection moulding, photolithography, soft lithography, micromachining, hot embossing, thermoforming and laser ablation 45 . Many of these processes involve the fabrication of a template or master, typically using polydimethylsiloxane (PDMS) as the moulding material. PDMS has many desirable properties for fluidic applications, such as its low cost, simple integration with tubing and fittings, transparency, gas permeability and biocompatibility. However, it is prone to chemical swelling in many organic solvents, deforms at relatively low pressures (>1 × 10 5 Pa) and is known to absorb hydrophobic compounds. Furthermore, these approaches necessitate a final step in which the master must be chemically bonded to another surface to create the final piece, often causing issues with misalignment and poor interlaminar adhesion 46 . Although each of these processes can be used to manufacture fluidic devices that feature intricate mixing pathways and embed analytical functionality, accessible geometries are mostly restricted to 2D planar channel networks. Many of these techniques tend to be time consuming and complex, requiring specialist equipment and training, ). The syringe casing was printed on a RepRap FDM printer from PL A and combined with an off-the-shelf microstepper motor. The pump is controlled through an open-source Python program running on a commercially available, credit-card-sized Raspberry Pi computer. The total cost of the fully assembled piece was estimated to be ≤$100 (reF.
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). c | Screw-capped test tubes and a test tube rack printed from PL A and polyethylene terephthalate glycol (PETG) using a Picaso 3D Designer Pro 250 FDM printer 14 . d | Modular finger-powered pulsatile microfluidic pump printed from VisiJet EX200 resin (a transparent, UV-curable, acrylate-based polymer) using a 3D Systems Projet 3000HD by Multijet 3D Printing. The pump can produce a maximum flow rate of 157 µL min −1 (reF.
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Part a is reproduced from reF. as well as expensive clean room facilities. Consequently, manufacturing costs escalate with increasing design complexity, making iterative designs financially wasteful and part-production times lengthy 47 . Recent technological advancements associated with high-resolution and cost-effective 3D printing have facilitated the uptake in printed microscale and milliscale fluidics. Although 3D printing still cannot provide the manufacturing resolution of gold-standard approaches such as photolithography, it promotes iterative design processes, often simplifying the manufacturing process into a single step. The few design limitations of 3D printing compared with other manufacturing approaches also enable the fabrication of complex geometries often within a few hours of their conceptualization. 3D printing has made fluidic design and manufacture more accessible to a growing number of users and, consequently, is driving substantial innovation in many research areas 48 .
Microfluidics and millifluidics.
Cronin was among the first to recognize the potential for additive manufacturing in preparative chemistry with his 'reactionware' , which uses FDM techniques to produce chemical reactors 49, 50 . Even these early devices showed how technologies that facilitate advanced analytical approaches could be easily incorporated into the reactors: they contained optical viewing ports to monitor the reactions by UV-vis spectroscopy and even included electrochemical components. This reactionware (Fig. 3 ) approach has grown to encompass multistep reactions, including purification processes 51 , and more recently has been adopted for the production of valuable pharmaceutical compounds such as ibuprofen 52, 53 . The multistep, multisolvent syntheses of these compounds were performed in reactors featuring valves that directed the flow of chemicals through the different compartments.
The ability to share the digital file for reactionware enables the distribution of knowledge on a hitherto unseen scale. Open-source approaches will promote the sharing of chemistry know-how, whereby the digital blueprints for a device can be downloaded and printed, allowing a simplistic set of instructions to be followed to produce the chemical of choice. The possibility of using such devices to enable the production of drugs in, for example, disaster zones remains to be seen.
Advances in flow chemistry have also been achieved [54] [55] [56] . The relatively simple early devices demonstrated the potential to integrate printed reactors with accessible analytical instrumentation that enables inline UV-vis and attenuated total reflectance infrared (ATR-IR) spectroscopy, and/or electrospray ionization mass spectrometry (ESI-MS) to rapidly produce experimental data [54] [55] [56] . The apparent simplicity of these approaches, however, belies the accurate determination of technical details of the printing process (for example, material properties, printing parameters and chemical compatibilities) that are essential to achieve a working device.
In their 2013 paper, Capel and co-workers described most of the fabrication techniques and highlighted how the design elements are critical to the success of any printed device 57 . Breadmore has shown how the intricacies of printing geometry can affect the mixing of chemicals in a fluidic device 58 . FDM-type printing produces topographical striations in the device itself owing to the layer-by-layer nature of the process; by carefully tailoring the print parameters (such as layer thickness, density and part orientation), this microfluidic topography can be used to produce a desirable mixing effect. This is perhaps a relatively obvious observation, but using such striations to attain a desired mixing is an additional benefit of FDM technology. Breadmore has also compared different printing techniques and assessed them for the fabrication of flow devices 59 . The advances in the additive manufacturing technology now enable standard printing equipment to achieve a print resolution of the order of a few hundred micrometres, which is within the scale of conventional microfluidic devices 60 . However, one of the main advantages of 3D printing compared with more conventional techniques is the speed of printing, to produce either multiples of the same design or its improved iterations 61 . Hilton and co-workers have fabricated and used inexpensive polypropylene reactors that feature existing technologies (such as pumps) for nucleophilic aromatic substitution (S N Ar) reactions 62 . Sans and co-workers have demonstrated that other reactor designs can be 3D printed 63 . A relatively inexpensive printer has been used
Microfluidic devices
Devices that use a network of fluidic channels whereby the characterized geometries are <1 mm. to fabricate miniaturized continuous-flow oscillatory baffled reactors that have been used to produce monodisperse silver nanoparticles with better particle size distribution than more conventional tubular reactors 64 . In perhaps one of the most advanced designs to date, Kappe and co-workers have produced a printed stainless steel reactor for continuous difluoromethylations 65 .
In this case, computational fluid dynamic (CFD) modelling helped design a flow channel that was part of the final device together with a quench channel and a cooling channel. In addition, the device featured small holes to facilitate removal of residual metal powder from the printing process.
Templates, moulds and masters. One of the advantages of using 3D printing to generate a template, master or mould for the fabrication of a PDMS fluidic device is the possibility to rapidly and inexpensively screen iterative designs. Each design iteration can be produced at very low cost, without the requirement for clean room facilities or manufacturing expertise. This approach has been most succinctly investigated by Filipini and co-workers, who used stereolithography (Box 1) to rapidly fabricate soft lithographic masters for a diverse range of affordable PDMS microfluidic devices 66 . The versatility of this technique has been demonstrated with the production of 2D and pseudo-3D fluidic devices that feature microscale channel geometries and complex components such as micromixers, unidirectional check valves and multiple levels of fluidic networks. Although the process for the production of a LOC device is largely simplified, the acrylate-based print resin used to manufacture the masters prevented complete PDMS curing, necessitating the addition of an airbrushed ink coating onto the surface of the master 67 . Post-print oven curing, oxygen plasma treatment and surface fluorination have been proposed as alternative treatments to ink coating. These post-print treatments allowed the team to produce intricate channel The reactor was cleared of powder with compressed air, the shortcut holes were closed by laser-beam welding and stainless steel tubing was attached to the inlets and outlets. The solvent, pressure and temperature stability of the reactor were tested for a difluoromethylation reaction with n-BuLi at −65 °C (reF. NATuRE REvIEWS | ChEmiStry geometries, including a 'basket-weaving' network, a chaotic advection mixer and functional peristaltic valves 68 . Subsequently, inkjet printing in combination with a UV photoresin was used to produce PDMS fluidic devices for cell-based assays, which did not require any post-print treatment 69 .
Other approaches have seen water-soluble sugar and polyvinyl alcohol (PVA) masters printed by FDM, allowing the scaffold to be easily dissolved away following immersion in PDMS and resin curing 70, 71 . Finally, sacrificial ABS scaffolds have been printed using FDM, whereby subsequent removal of this scaffold is readily achieved by dissolution of the polymer in acetone. Use of this method made it possible to easily embed external equipment such as heating elements or electronic components into the fluidic device, as well as to generate intricate 3D channel geometries 72 .
Integrated fittings, valves and pumps. Achieving high-throughput experimental data and controlled liquid flows requires integration of the fluidic device with pumps, valves and fittings capable of manipulating flow with precision. These features can be connected to the device or miniaturized and integrated within the device.
The possibility of integrating these features has been explored by Nordin and Woolley 73 . The team used highresolution digital light processing stereolithography (DLP-SL, Box 1) to print microfluidic membrane valves. The combination of two of these microfluidic valves with a displacement chamber enabled the realization of a compact pump capable of flow rates as high as 50 µL min −1 . Furthermore, the incorporation of five valves and a displacement chamber in an integrated pump allowed the team to create a simple 3-to-2 multiplexer, which also functioned as a microfluidic mixer 74 . A motor-driven miniaturized peristaltic pump that uses a gear-based system to activate peristalsis has also been produced 75 . The pumping flow rate was reproducible between 40 and 230 mL min −1 while operating at back-pressures as high as 25 kPa. Integrated valves can be used in isolation or in tandem to switch or redistribute fluid flow in a device. Stereolithography has been used to manufacture a four-valve fluid switch (Fig. 4) connected to a downstream cell culture chamber. An electronically actuated 100 µm-thick non-elastomeric printed membrane was employed to control fluid flow throughout the valve 76 . Multimaterial 3D printing has also been employed to fabricate fluidic valves featuring flexible membranes, in which variation of the material stiffness can be controlled through the printer settings. Such designs make it possible to locate multiple independently actuated valves within close proximity to one another 77 . Fluidic devices are commonly connected to external instrumentation, such as pumps, by interfacial connectors and fittings, such as luer locks and barbed connectors. Several research groups have successfully integrated these fittings into printed fluidic devices 78 . Stereolithography has been used to manufacture low-pressure Luer connectors, allowing tubing to be reversibly interfaced through commercially available barbed adaptors 79 .
Embedded technology. Much of the work in 3D printed reactor technology thus far has focused on the printing of reactor vessels, whether these are of batch-type or flow-type devices. However, 3D printing technology offers the potential to incorporate additional features in the reactors to increase their functionalities. Monaghan and co-workers demonstrated that fibre optics can be successfully embedded into 3D printed structures 80 . The same group also successfully placed fibre optics within fluidic devices produced by stereolithography 81 . The fabrication of such complex devices requires the design and implementation of the optical fibres, the calibration of the device and the alignment of the fibres, light source and detector. By using the fibres as conduits for UV-vis spectroscopy, it was then possible to monitor a reaction by looking at its spectroscopic signature (Fig. 5) . Other designs were also proposed that make use of common laboratory equipment to achieve online reaction monitoring, such as a device that could be inserted in the flow cell of the diode array detector of an HPLC instrument 82 . The accurate measurements of the internal features of the diode array detector were reported and then used to generate a CAD file for the production of such fluidic device. Once printed, the fluidic device was fitted 
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Membrane valves
Valves used in a device that regulates, directs or controls the flow of liquid using a permeable membrane.
Multiplexer a device that combines flows from multiple fluidic inlets and reconstitutes them into fewer outlets.
Luer lock and barbed connectors
Standardized fluidic connectors utilized for fluidic applications.
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with optical windows and used directly in the HPLC optical detector to monitor the reaction. The reaction under study was then optimized by a SIMPLEX algorithm that automatically screened a number of temperatures and flow rates. Embedded fibre optics have also been employed for the direct detection and counting of polystyrene microspheres synthesized in a microfluidic device 83 . Usually, particle analysis is performed in a process that is subsequent and spatially separated from the synthetic process. By designing an auxiliary flow device with embedded fibres optics, Hampson and co-workers were able to analyse particle sizes by measuring the change in light intensity as the particles occluded the light source. Notably, the signal-to-noise ratio and reproducibility of the particle analysis were optimized for three variables (pulse magnitude, particle magnitude variance and pulse frequency) by means of a genetic algorithm.
Stereolithography was also used to fabricate a fluidic device in which the electrochemiluminescence generated on embedded graphite and silver electrodes was measured inline by means of an integrated CCD (charge-coupled device) camera 84 . Ambrosi and Pumera have reported on the preparation of bespoke electrodes by means of a metal printing process 85 . These uniquely shaped electrodes can then be tailored for different applications, such as capacitors and pH sensors. 3D printed flow plates have been incorporated into an electrochemical cell for the electrolysis of water 86 . The plates were printed using polypropylene and subsequently coated with a silver layer. Catalysis 3D printing can provide bespoke, catalytically active surfaces. The catalytic functionalization can be achieved by three different approaches: by modifying the chemical composition of the print material either before or following the print process or by printing the part from a material with inherent catalytic properties. This form of catalyst immobilization allows increased catalyst recovery, as well as increased catalytic activity as a consequence of the solid support providing chemical, thermal and mechanical stabilization to the catalytic species. Because of the design freedom associated with 3D printing, complex structures with high surface areas can be fabricated, thus increasing the rate of the catalytic reaction.
Each of the three previously mentioned approaches has been successfully adopted in a custom extrusionbased FDM printer [87] [88] [89] [90] . Colloidal Al 2 O 3 ceramic ink has been printed into a highly porous cylindrical lattice (Fig. 6 ), followed by a post-process calcination at 1,500 °C (reF.
87
). These lattice structures acted as Lewis acids in the Biginelli and Hantzsch synthesis of pharmacologically active dihydropyridines and dihydropyrimidinones. The scaffolds could be recovered for subsequent reuse without any decrease in catalytic activity 87 . The same method ology has been used to produce a Cu/Al 2 O 3 catalyst, the activity of which was successfully tested for a range of Ullmann reactions 88 . Finally, a complex multimaterial catalyst was produced, in which a SiO 2 monolithic support was selectively coated with both Cu and Pd functionalities. This heterogeneous catalyst was used in multicatalytic, multicomponent reactions for the synthesis of a multitude of substituted 1,2,3-triazoles 89 . Another study has seen FDM used to fabricate TiO 2 -ABS nanocomposites, which can photocatalyse the degradation of fluorescent rhodamine 6G in solution 90 . Electron-beam melting (EBM, Box 1) of titanium (Ti-6Al-4V), cobalt chrome (CoCr) and stainless steel (316 L), followed by metal cold spraying or electrodeposition of nickel and platinum, has been used to develop catalytic static mixers 91 . These static mixers were tested across a broad range of continuous-flow hydrogenations to produce a series of compounds with alkene and carbonyl functionalities. Metal powder sintering-melting printing processes enable the fabrication of thermally and chemically stable devices, which are suitable for synthesis at elevated pressures and across a wide range of chemical applications 91 . Direct ink writing (Box 1) has also been demonstrated to be a suitable manufacturing method for the production of stainless steel scaffolds, which were functionalized with aluminosilicate (Zeolite Socony Mobil-5, ZSM-5) in a post-print deposition process. This scaffold was used for the catalytic conversion of methanol to dimethylether and olefins 92 . DLP-SL has also been used for the preparation of monolithic catalysts 93 . Negative moulds generated by this process were packed with α-Al 2 O 3 powder and sodium ). d,e | Millifluidic flow device (2 mm channel diameter) printed from Ti-6Al-4V alloy using a Renishaw AM250 via selective laser melting (SLM). The cleaned printed part was integrated with commercially available optical viewing windows though printed threaded ports, creating a spectroscopic path length across the width of the channel. The final part was embedded within the diode array detector of an Agilent 1100 series high-performance liquid chromatography (HPLC) instrument, and the device functionality was confirmed through the in-line optimized formation of semicarbazone 82 . Parts a, b and c are adapted with permission from reF.
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Static mixers
Fluidic devices without moving components that promote passive mixing within a system. NATuRE REvIEWS | ChEmiStry silicate. The dried material was then heated at 850 °C for 8 hours to eliminate the printed case and attain the clean monolithic structure. These structures were impregnated with Mn-Na 2 WO 4 and used to accelerate the oxidative coupling of methane 93 . Stereolithography was used to print catalytically active cuvette adaptors and millifluidics by photopolymerizing bifunctional molecules 94 . These printed structures were functionalized with carboxylic acid, amine and copper carboxylate and tested for Mannich, aldol and Huisgen cycloaddition reactions. The kinetics of these reactions were analysed in both batch and flow environments 94 .
Biotechnology
Devices that can integrate chemical reaction optimization and investigation of the biological responses to the compounds produced would seem to be an achievable goal for 3D printing technologies. As such, progress of these technologies is also advancing in the fields of bioanalytics, biomedical engineering and bioprinting 95, 96 . The growing interest for these printed systems arises from the increasing costs associated with drug development and pharmaceutical screening. Today, each new clinically approved pharmaceutical compound takes more than 10 years and $2.5 billion to be brought to market 97 .
The requirement for the development of more realistic biological models is necessitated by the requirement to accurately predict drug efficacy, with large pharmaceutical companies now subscribing to this 'fail early and fail cheaply' mandate 98 . This approach has been adopted not only to rapidly discard drugs with low efficacy or high toxicity but also to prevent potentially active compounds from being mistakenly removed from testing owing to the poor predictive capability of the model. 3D printing techniques can be used to fabricate complex multicomponent microfluidic devices that are commonly required in pharmaceutical testing. The efficacy of 3D printing in bio-microfluidics has previously been discussed extensively 99 . This technology allows researchers to rapidly change the design of the devices based on the biological response to various engineering alterations.
Care must be taken to assess the biocompatibility of any print material for its use within the biological system under study. Many of the 3D printed parts of devices for biological applications often take the place of standard glassware or plasticware, the biocompatibility of which has been known for many years. When printing with different polymeric materials, not only the biocompatibility of the polymer but also any effect that possible additive or monomeric material leaches can have on the catalytic structure printed from Al 2 O 3 ink using a custom extrusion-based robotic deposition apparatus (Model A3200, Aerotech). Once printed, the part was sintered at 1,500 °C for 2.5 hours to ensure structural integrity. b | Top view of the final sintered structure. The lattice shape is designed to increase the surface-to-volume ratio of the structure. c,d | Crosssectional scanning electron microscopy (SEM) images of the printed lattice structure demonstrates the uniformity of the structure after sintering
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www.nature.com/natrevchem biological system must be assessed. Therefore, thorough testing of the system is always required. A myriad of static 3D printed devices that feature biological functionality have been produced 100, 101 . However, the degree of biomimicry of samples often remains limited. The integration of biological devices onto the backend of chemical reactors often requires a system that actuates fluid perfusion, in a similar way a biological fluid such as blood is transported to tissues and organs. In the next section, we discuss 3D printed systems that enable perfusion and incorporate mammalian cellular biological samples.
Biological perfusion reactors. Development of 3D printed devices that incorporate cellular samples within a perfused environment is a relatively new, yet rapidly expanding research area. Work from the laboratory of Spence produced the first 3D printed biofluidic device 102 . This system contained eight channels, each incorporating a porous membrane that facilitates cell cultivation and drug diffusion towards such cells (Fig. 7) . Cellular response to this environment was confirmed by evaluating the integrity of the endothelial cell membrane in response to perfused compounds. Further studies have focused on the integration within fluidic devices of reusable electrodes and 3D culture environments of multicellular tumour spheroids to look at drug metabolism in such biological systems 103, 104 . The developments of these 3D printed systems have enabled the pharmacokinetic profiling of candidate molecules 105 while also generating novel physiological data related to certain pathological conditions 106 . Other 3D printed bioanalytic devices have also been produced for miniaturized ATP bioluminescence sensing 107 , clinically relevant whole-organ biomarker profiling 108 and electrochemical influenza virus detection 109 . The technological developments presented above hold great promise for research in drug discovery. However, a distinct demand remains for devices that are 3D printed and analytical and encompass physiologically The final printed part was integrated with commercially available cell culture membrane inserts, which were fixed into predesigned apertures to create a perfusable device to study drug transport and cell behaviour 102 . b | Microfluidic multicellular spheroid culture system printed from VeroClear photopolymer using both an Objet 260 Connex 3 and a commercial stereolithography system (Proto Labs) from 3D Systems Accura. The final part was printed in two separate pieces and bolted together to form a cell culture chamber interfaced by embedded Luer connectors 112 . c,d | Multiple 3D printed cell culture devices connected to a single syringe pump for dynamic culture of large arrays. The culture wells featured an embedded cell culture scaffold. Parts were printed using a Makerbot dual-extrusion fused deposition modelling (FDM) printer. Acrylonitrile butadiene styrene (ABS) was used to fabricate the main body of the devices, followed by surface treatment with an ABS acetone solution to remove any porosity within the part. The internal scaffolds were printed from polylactic acid (PL A) and could be manually removed after cell culture using sterile scissors. To preserve sterility , the outlets were sealed with sterile filters, while the inlets were interfaced with commercial tubing and a syringe pump 110 . Part a is adapted with permission from reF. Macrofluidic bioperfusion systems 3D printed using dual-extrusion FDM have been developed for the cultivation of human osteoblasts on calcium phosphate surface-coated mesh scaffolds 110 . Whereas other strategies have focused on the integration of 3D cell cultures within microfluidic devices 111 , 3D spheroid cultures of the immortalized liver cell line (HepG2) in 3D printed devices using stereolithography would be of specific interest in this area. Toh and colleagues noted that stereolithography would be preferential for the printing of microfluidic devices over polyjet modelling (PJM, Box 1). HepG2 cells cultured within devices manufactured using stereolithography exhibited upregulation of 1A1 and 3A4 cytochrome P450 enzyme isoforms when liver cells were cultured in the perfused 3D environment 112 . This is specifically relevant because of the integral role of these P450 enzymes in drug metabolism.
Further work in this area has focused on the production of microfluidic devices using bespoke photopolymer resin formulations 113 . These formulations were shown to be biocompatible to Chinese hamster ovary (CHO) cells and primary mouse hippocampal neurons 114 . These kinds of developments are essential for the translation of chemical reaction technology to biological applications, considering the toxicity of various commercially available photocurable 3D printing polymers. This is further outlined by the prior use of polymer coatings to improve cellular compatibility in 3D printed devices by PJM 115 . The chemical complexity of UV-curable and/or laser-curable resins (favoured for microfluidics) has stimulated lines of research across multiple groups to explore custom bioresin formulations and establish their biocompatibility. These data will be of critical importance for the advances of 3D printed flow chemistry in cell biology and/or tissue engineering, as well as pharmaceutical drug development.
Drug delivery
Tailored approaches to drug delivery and the manufacture of personalized medicines have been hypothesized through the application of 3D printing tech no logies. These approaches aim for the on-demand production of bespoke prescriptions that meet the specific pharmacogenomic, anatomical and physiological demands of patients 116 . Personalized medicine would reduce the incidence of drug under-dosing and overdosing and enable the synthesis of prescriptions at the point of dispensing or use 117 . Extrapolation of this hypothesis has led to a belief that these technologies can be used for the on-demand production of pharmaceuticals in locations where drug availability is restricted, for example, in space expeditions or war zones. There is, however, a large number of hurdles that must be overcome to make this belief a reality. To ensure drug uniformity, stability and sterility, careful consideration must be given to process regulations, compliance with good manufacturing practice and quality control 118 . Printing of drugs is also currently considered low throughput, and the development of more scalable models is necessary to increase uptake of this technology. As the field develops, it must also prove itself against other -perhaps simpler -solutions, such as adjusting dosage through prescription of standard or multidrug pills. Nonetheless, this area of research has seen much activity in recent years.
Research in 3D printing for drug delivery is rapidly expanding and, as such, has been the subject of a number of comprehensive review articles 119, 120 . To date, the most widely used printing processes for the manufacture of personalized medicines are inkjet-powder bed (also known as binder jetting or simply 3D printing), FDM, continuous inkjet printing (CIJ) and drop-on-demand (DoD) 121, 122 (Box 1). For each of these processes, reproducibility and reliability are intrinsically linked to the selection of a suitable 'ink' formulation; therefore, careful consideration must be given to match the active pharmaceutical ingredient (API) with an appropriate carrier. During an inkjet-powder bed process, drug-loaded liquids are deposited onto an excipient powder bed, enabling the production of highly complex and bespoke multi-release tablets. Alternatively, binder solutions can also be printed onto drug-laden powder beds 123 . In 2015, the US Food and Drug Administration approved the use of levetiracetam (Spritam, Aprecia Pharmaceuticals) -the first drug manufactured using 3D printing technology -for oral administration to treat partial onset seizures in people with epilepsy 124 . Large-scale application of this technology is limited, however, by the lack of low-cost, commercially available inkjet-powder bed printers 125 .
With the rapid increase in low-cost, commercially available printers, drug printing via FDM (Fig. 8) is becoming increasingly prevalent as a low-cost alternative. APIs can be crudely loaded into the printing polymer filament through immersion of the raw polymer into a drug-laden solution 126 or more subtly through hotmelt extrusion of custom filaments 127 . Demonstrations of these approaches include loading PVA filaments with both 5-aminosalicylic acid and 4-aminosalicylic acid in an ethanolic solution before FDM printing tablets undergo a variation in weight and density 128 . A hot-melt extruder was also used to generate paracetamol-loaded and caffeine-loaded filaments for the production of oral administration caplets. Finally, more complex compartmentalized multidrug pills have been realized through FDM, reinforcing the idea that complex medication can be obtained using these printing technologies 129 . However, the production of oral drugs through these methodologies, and ultimately their release profiles, are limited by the print formulation, the fixed filament composition and the thermal stability of the drug candidates during the high-temperature FDM process 130 . These challenges greatly limit the freedom to produce tailored drug dose or drug combinations and move the goal of personalized medicine further away.
CIJ and DoD enable the accurate deposition of small quantities of drugs onto a substrate suitable for human ingestion 131 . CIJ printing makes use of a pressurized flow to generate a continuous stream of charged droplets. These droplets are then precisely directed onto the substrate by electrostatic plates 132 . DoD printing produces droplets in a more controlled manner -only when required 133 . Both processes can accurately dose and mix APIs with a solution suitable for printing, depending on the concentration www.nature.com/natrevchem of the feed solution and the volume being jetted 134 . The variety of print formulations has allowed numerous pharmaceuticals to be printed by CIJ or DoD, including salbutamol 135 , riboflavin 136 , paracetamol 137 and caffeine 138 . Personalized printed medication enables the production of patient-specific pharmaceutical formulations with the requisite speed and precision, such that it can be considered a viable alternative to the existing drug formulation paradigm. Print formulations can be iterative in nature, with feedback from patient response informing future dosing strategies. Open-source expertise shared throughout the medical community, coupled with increasing access to desktop printing equipment, would allow medication to be delivered in point-of-care and/or remote environments. While increasing print productivity and adherence to regulatory policy are obstacles that need to be addressed, patient-specific medication is certainly closer to realization through the application of these technologies.
Future directions
Above, we have discussed the pace and scale of advances of additive manufacturing related to chemistry and associated fields. The majority of the studies referenced in this Review were published in the past 5-6 years. This shows how chemists have embraced this relatively new technology and used it to advance the chemical sciences. The initial excitement of being able to prepare bespoke tubular reactors has quickly been matched by other innovative approaches in, for example, embedded technologies and reaction monitoring. There are, however, several aspects of printing technology that need to be optimized in order to fully meet the needs of modern chemistry. The primary consideration pertains the choice of printing materials. The choice of printed reactor is primarily driven by a combination of printing technique and material. Photopolymerization techniques inevitably use acrylate-based polymers, but this means that there will be a consequence in their solvent compatibility. Similarly, if one aims for robust solvent compatibility, the material choice is more restricted to very inert polymers or metals. This requires a subset of the available printing techniques. Developments of available printing materials are crucially important for the widespread adoption of these technologies.
One important advance will likely be the ability to print glass. Glass has been the material of choice for chemists for approximately 200 years owing to its transparency, thermal conductivity and relative chemical inertness. Recent advances have shown that printing glass is possible, but the high temperatures required are still a limiting factor [139] [140] [141] . The resolution of the printing technique can be an additional limiting factor. In many cases, reactor volumes in the millilitre scale do not require refined structures, but in order to compete on the truly microfluidic scale, resolution is an issue. More recently, Rapp proposed a hybrid method to produce glass parts 140 . This process involves dispersing silica nanoparticles in a monomeric matrix. Stereolithography produces the 3D part by polymerizing the monomer that encompasses the glass particles. The piece is then sintered to eliminate the polymer and fuse the glass. In this manner, a final glass part is produced. This exciting development brings glass into the field of 3D printing. Techniques such as two-photon polymerization (2PP) do offer very fine structural resolution, but material compatibility remains a problem because the material properties are similar to those available for processes such as stereolithography and inkjet printing (Box 1).
Many of the techniques outlined in this Review work well for producing discrete parts from a single build process. As illustrated, the ability to create complicated parts . b | Tablets printed via a hot-melt 3D inkjet printing method from a mixture containing 5% w/w fenofibrate encapsulated within beeswax with both solid (cell size 0 mm, top left image) and honeycomb architectures (with the size of the hexagonal cells ranging between 0.2 and 1.83 mm) for controlled and tuneable drug release. The honeycomb architecture increased the surface-to-volume ratio and, consequently , the drug dissolution rate, enabling control over the drug release profile without needing to alter the print formulation 122 . Part a is adapted with permission from reF.
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NATuRE REvIEWS | ChEmiStry with multiple materials or with embedded functionality is becoming of more interest as chemists look to further probe reactions 142, 143 . This means that chemists are pushing the boundaries of what is possible in additive manufacturing, as illustrated by reaction monitoring using embedded fibre optics 81 . Employing different types of sensors in a single device then becomes a challenge, but the reward is multiple data streams to monitor reactions. The move to online reaction monitoring and automatic reaction optimization is then an achievable goal.
The innovation achieved by chemists and engineers working together is great to see; further advances will no doubt come as the chemist asks about building multimaterial devices. The natural advance will then be to have functional materials embedded within a device, for example, implanting catalysts within the reactor itself. It will then become possible to have multiple catalysts within a single device or, preferably, multiple devices in series, each with a different catalyst. This will enable multistep synthesis from a single pass of reagents. A modular approach of this type could allow repetitive synthesis of a single molecule or the preparation of a library of such targets. Similar advances in biology are also taking place. Pharmacists are now looking at completely different methods of drug formulation and tablet preparation. While it may be some time before we see drug synthesis and tablet preparation taking place in a single device, it is not too difficult to see current technologies in action to achieve that goal. Taken to the next level, chemical and biological reactors can be made available to other groups quite easily by sharing the CAD file. This could be commercial or open source. As illustrated previously, some groups are already sharing designs either in supplementary information or via websites.
All these advances make 3D printing an attractive approach in chemistry. In many ways, chemists need to look beyond the traditional synthetic approaches to truly see how the technology can push their science forward. However, the greatest push will arise from lowering the cost of printers. Only a few years ago, printers cost many tens of thousands of pounds and resided in specialist engineering labs, access was limited and knowledge of CAD and design was even more scarce. Now, the price of low-end printers is as low as several hundred pounds for FDM models. Even lithography printers have dropped to a few thousand pounds. This reduction in price is not driven by chemistry but by loss of patent protection and by consumer demand. Nonetheless, the uptake in technology does tend to be faster when people can afford it.
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